Abstract-Two-photon absorption (TPA) pulsed-laser testing is used to analyze the TPA-induced single-event latchup sensitivearea of a specially designed test structure. This method takes into account the existence of an onset region in which the probability of triggering latchup transits between 0 and 1 as the laser pulse energy increases. This variability is attributed to a combination of laser pulse-to-pulse variability and variations in local carrier density and temperature. For each spatial position, the latchup probability associated with a given energy is calculated. Calculation of latchup cross section at lower laser energies, relative to onset, is improved significantly by taking into account the full probability distribution. The transition from low probability of latchup to high probability is more abrupt near the source contacts than for surrounding areas.
The sensitive area is a critical concept to help correlate laser tests and broad-beam ion tests [9] [10] [11] [12] ; the assumption is that heavy ion-induced SEL is triggered if an ionizing particle crosses the sensitive area and generates a sufficient amount of charge within the sensitive volume. Dodds et al. [8] defined a test structure to investigate the SEL sensitive area. In that work, the relationship between laser-induced sensitive area and device layout was examined.
Due to variability in pulse energy in the temporal and spatial domains and variation in local carrier density and temperature, SEL at a given location is not uniquely described by a single laser energy measurement [11] . This produces an SEL onset region in which the latchup probability transits between 0 and 1 as the laser pulse energy increases. Consequently, there is no "threshold" pulse energy value at each position within the device that corresponds to a sharp separation between the region of energy in which latchup occurs and that in which it does not [11] . This phenomenon was first discovered in single-photon absorption (SPA) [11] . In this paper, we use TPA-induced pulsed-laser SEL measurements on a test structure very similar to that presented in [8] to show that the details of the onset region depend on the position of the laser pulse location relative to circuit layout. Then, we demonstrate the implications of the position-dependent onset region on the TPA-induced sensitive area.
II. EXPERIMENTAL DETAILS
The test structure used in this paper approximates the well structure of a multicell SRAM with p-n-p-n cell arrays based on IEEE Standard 1181-1991 (see [8] and [13] for more details). The test array was fabricated in the Jazz 180-nm CMOS process, CA18HD. This chip contains various blocks with different diodes. As demonstrated in Fig. 1 , one array contains 22 p-n-p-n cells with common well contacts at the two ends of the wells, as marked by the dashed ellipses. The four square pads on the top left are the bonding positions, which correspond to n-well, n+, p+, and p-well, respectively. The length of each cell is 6 μm, and the width is 2.4 μm. Both p-well and n-well regions have a length of 3 μm and a width of 2.4 μm. The distance between the p+ and n+ sources is the minimum allowable spacing (called 1x in this paper), and the sources are 0.78 μm wide and 1.72 μm long. The n-well and p+ nodes are connected to a positive voltage, 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. while the p-well and n+ regions are connected to a negative voltage. Hence, the well junction is normally reverse biased, and nearly no current flows through the junction. When a laser pulse generates free carriers, latchup may occur. Back-side TPA pulsed-laser testing was performed at Vanderbilt's laser laboratory using a 1-kHz repetition rate, Ti/S-pumped optical parametric generator with output wavelength centered at 1260 nm [14] . Second-harmonic generation autocorrelation measurements made after wavelength separation but before the test bench give a full-width at half-maximum of 330 ± 20 fs for input laser pulses. The energy of every laser pulse used during component testing was recorded. A small percentage of the beam entering the test bench is reflected from a CaF window, attenuated with a neutral density (ND) filter and focused to a 1-mm spot on the surface of a 3-mm diameter, fast InGaAs photodetector (ET-3020, Electro-Optics Technology, Inc.). The bandwidth of the InGaAs photodiode is ≥2.5 MHz. The output current from the photodetector is recorded by an oscilloscope, along with the associated device response, for each laser pulse. An National Institute of Standards and Technologytraceable calibrated pyroelectric detector (J10MB-LE, Molectron, Inc.) was used to measure the transmission of an OD2 ND filter and of each component in the path of the beam, at microjoule-level pulse energies. The filter was then used to produce a known attenuation, allowing measurement of the photodiode response to nanojoule-level input pulse energies after calibrated measurement at the microjoule level. We estimate that the propagated uncertainty in measurements of absolute energy at the device under test, resulting from our calibration of the photodiode response, is less than 15%. The properties of the data presented here are associated with the relative uncertainty, not the absolute uncertainty.
To determine the uncertainty in relative measurements of pulse energies in the test bench, the pyroelectric detector was placed behind the CaF window to allow simultaneous measurement of the pulse energy and the photodiode response. The pyroelectric detector is capable of measuring and recording pulse energies at a 1-kHz repetition rate; the oscilloscope was used to record photodiode response curves. Both the detector and the oscilloscope were set to trigger internally. A fast shutter was opened for a period of 1 s; during this time, information from 1000 pulses from the 1-kHz laser was stored in both devices. The shutter synchronized the acquisition, allowing direct correlation of the energy and the photodiode trace of each laser pulse. Paired pulse energy and photodiode response curves for at least 1000 pulses were recorded for several average incident pulse energies, covering the useful range of the photodiode response. The observed correlation between the peak of the photodiode response and the corresponding measured pulse energy is shown in Fig. 2 . The data show that the setup is capable of measuring relative energies with high precision. The proportionality (μJ/mV) increases slowly with incident laser pulse energy but is nearly constant over a limited range (±10%) of pulse energies. The distribution of pulse energies associated with a peak photodiode response was derived by binning the observed deviation from the least squares fit to the data (Fig. 3) . The total uncertainty in relative pulse energy measurements can be expressed as the 2σ −width of a Gaussian fit to this distribution. The resulting uncertainty (0.8% of the average energy) results from noise on the photodiode signal, digital sampling error, and error in the pyroelectric probe measurements. The SEL experimental setup is shown in Fig. 4 . A GW Instek GPD 4303S power supply was used with the bias voltage at 3.3 V. The current limit is 50 mA; no destructive damage was detected during any of the tests. When a laser pulse triggers latchup, a microcontroller-based circuit detects the event and breaks the latchup current path. The oscilloscope collects three channels of data; these include the switch control, a voltage proportional to the latchup current, and the photodiode voltage. We monitored the output of the power supply on the oscilloscope to verify that no difficulties occurred due to noise and load regulation during laser strikes.
To efficiently estimate latchup probability at each position, an energy modulator was used to vary the incident laser energy. The maximum laser pulse energy was set using a polarizer. A motorized continuous-gradient ND filter wheel was used to vary the pulse energy from the maximum to near zero. An example showing 700 laser pulses with energies varying from 0 to approximately 30 nJ is shown in Fig. 5 . This allows for automated changes in pulse energy at a single x-y position within the array, significantly reducing test time. We also automated a scan over the area of the array. For these scans, 700 pulses were used at each location. It is demonstrated in the following that 700 pulses are sufficient to obtain an accurate cumulative distribution function (cdf). Fig. 6 shows the signal sequences corresponding to seven laser pulses, with a zoomed-in view of the second sequence. For each sequence, the photodiode voltage is represented by the blue line (right y-axis). An increase in voltage shows that a laser pulse has occurred; the peak voltage value is proportional to the pulse energy. The curve marked as "latchup" (black line) is proportional to the current through the diode. When the signal goes high, it indicates that a latchup event has occurred. This is detected by a microcontroller which opens an active-high solid-state switch in series with the power supply. This action terminates the latchup. The control signal for the switch is indicated by the red line in Fig. 6 . After a short delay, the switch closes again to allow the system to reach steady-state operating conditions before the next laser pulse arrives, allowing the latchup detection rate to be equal to the laser repetition rate. After power is removed to clear the latchup, the power ON/OFF channel (the red curve) returns to the original value, 2.3 V. This 2.3 V is extracted from one terminal of the microcontroller chip and indicates whether the power is cut off or not. If latchup is not triggered, as for the fourth pulse sequence in Fig. 5 , the power channel (the red curve) remains high and the latchup current indicator stays in the low state. To find the threshold laser pulse energy for TPA pulsed-laser-induced latchup, we manually changed the energy by using a wire-grid polarizer during the experiment. Therefore, in Fig. 5 , the laser pulse energy (represented by the photodiode voltage, depicted as the blue curve) changes significantly.
III. RESULT ANALYSIS AND DISCUSSION

A. Latchup Results at a Single Position Within the Array
Latchup results for 3500 laser pulses at a fixed x-y position within the array are shown in Fig. 7 . A pulse that triggers latchup is designated as a 1; a pulse that does not is designated as a 0. At this location, when the laser pulse energy is above ∼31 nJ, all the pulses trigger latchup, whereas for pulse energies below ∼28 nJ, none of the pulses trigger latchup (we will show later that the characteristics of onset region varies with x-y position). For the region marked by the arrow (the onset region), some pulses trigger latchup and some do not. This type of response is consistent with that observed in [11] .
In [11] , the latchup onset region is described by E L and E NL . E NL is defined as the energy below which devices did not latch up, ∼28 nJ in Fig. 7 , and E L is defined as the energy above which devices latch up with every laser shot, ∼31 nJ in Fig. 7 . Hence, the energy difference between E NL and E L , the range of energies over which the triggering process varies, is about 3 nJ (±0.45 nJ) in this case, and the difference in these values is much greater than the ability of the system to resolve relative differences (shown in Fig. 2 ). This phenomenon may be caused by variability in laser-pulse temporal and spatial domains and variation in local carrier density and temperature.
To investigate whether the range of energies over which the latchup probability transits from 0 to 1 is caused by effects from a sequence of pulses (perhaps self-heating effects), the time interval between test sequences was increased. As shown in Fig. 8 , when the first pulse triggers latchup, the power is cut off and the latchup current immediately drops to 0. The power remains OFF until the fifth laser pulse sequence following the one at which latchup occurred. Four laser pulse sequences will not trigger latchup during this period, because the power is OFF when these pulses arrive Fig. 8 . Multiple latchup data with a pulse interval time of 1 ms (blue data) and a 4.8-ms delay before the test hardware was reset (red data). Plotting limitations prevent the extremely narrow photodiode peaks from being properly rendered, introducing a visual artifact that causes the photodiode peaks to appear to vary more than they actually do in the measurement. Latchup probability versus laser pulse energies at different test intervals.
at the device. The primary purpose of this test is to check whether there is self-heating from the latchup current, which is much greater than any direct self-heating that could occur due to the energy contained in the laser pulse. Fig. 9 shows the latchup probability for three time intervals. To generate this plot, the binary data points in Fig. 6 are binned using a width of 0.6 nJ. The probability is calculated from the ratio of the number of pulses triggering latchup to the total number of pulses within an energy range. All three groups of data represent results of 3500 sequences. The results are almost identical for all interval times examined here, up to 57.5 ms. If there were a time interval dependence, then there would be a threshold shift with time interval and a nonzero slope at lower intervals, becoming zero at longer intervals. The data in Fig. 8 do not depend on the time interval, indicating that a 0.7-ms time interval is sufficient; all remaining results reported here use that value.
B. Fitting Data From a Single x-y Position
Data similar to that presented in Fig. 7 (using 700 pulses) were collected at various positions. These were fit using Weibull, normal, and log normal distributions; all led to nearly identical fits. We selected a Weibull distribution fit for this paper. The data shown in Fig. 7 are used to generate Fig. 10 . The laser energy falling into the onset region has a probability of triggering latchup that continuously transits from 0% to 100%. The cdf is defined as
The expected value of the Weibull distribution is defined as
in which the shape parameter k > 0 describes the shape of the Weibull distribution. In this case, a high k value means a small onset region. ε is the scale parameter. The gamma function (1 + (1/k)) is close to 1 in this situation, soĒ is nearly equal to ε.Ē represents the laser pulse energy when the latchup probability is 50%, which can be interpreted as the average latchup threshold value. The two parameters,Ē and k, are extracted by a least square fitting method. The average threshold,Ē, and the shape parameter, k, are used to analyze the latchup features at various locations in Section III-C. After the fitting process, the width of the onset region can be defined as the energy range where the latchup probability increases from 10% to 90%. We note that Moss et al. [11] use E TH , the median value between E L and E NL (see Fig 10) , to represent the latchup threshold value. For energies between E L and E TH , the latchup probability is not 0, so this underestimates the latchup probability within this energy range. Similarly, latchup probability between E TH and E NL will be overestimated.
C. Pulsed-Laser TPA-Induced SEL in a Single Cell
As shown in Fig. 11(a) , the cell size is defined as 2.4 μm × 6 μm. To completely cover at least one cell, an x-y of 5 μm × 12 μm was scanned over and tested for SEL using the techniques defined previously. The minimum size of the layout is 0.78 μm in the x-direction and 0.25 μm in the y-direction. To observe the dependence of latchup on position within the layout, the scan resolutions in these two Fig.12 (a) and (b) , respectively. directions should be similar to or less than the minimum size in the corresponding directions. The x-scan resolution was set to 0.4 μm, and the y-scan resolution was set to 0.3 μm, which are comparable to the minimum dimensions. 700 laser pulses with different energy values were used at each x-y position. These energies vary continuously, and the range is chosen to include the latchup threshold value at the x-y position. The results of the 700 pulses (latchup or no latchup for each pulse) are analyzed using the method in Fig. 10 . From the fitting process, the average thresholdĒ and the shape parameter k corresponding to each position were determined. Then, the location of the TPA laser spot on the DUT is moved to the next position and the same sequence is performed. Fig. 11(b) plots the average threshold as a function of position. The dashed line indicates one p-n-p-n cell based on the cell size shown in Fig. 11(a) .
In previous work on similar test structures fabricated in the Jazz CA18HD process with minimum (one time) n+ to p+ source spacing, back-side TPA results show that the least pulse energy is required to trigger latchup in a region along the metal lines leading to the p+ source [8, Fig. 4(c) ]. On the other hand, top-side SPA experiments found that the least pulse energy was required to trigger latchup in a region between two p-n-p-n pairs [8, Fig. 4(b) ]. It was proposed that the difference between these results occurs because of reflections from metal lines during TPA pulsed-laser testing, enhancing charge generation under metal lines, as compared with other regions. This charge enhancement from reflections during TPA pulsed-laser testing was confirmed in [13] . The conclusions of [8] were: 1) due to reflections, TPA measurements could not be used to determine the regions of the cell that are most sensitive to SEL and 2) SPA experiments show that the regions in which latchup is most easily triggered are between neighboring p-n-p-n regions. This occurs because neighboring p-n-p-n regions are shorted together through the metal lines, so they act as a single p-n-p-n region of twice the width [8] .
We note that for the test structures in [8] , only ∼20% of the cell area was covered by the first metal layer and the centerline spacing between neighboring p-n-p-n pairs is ∼8 μm. The spacing between the metal lines is much larger than the laser spot size. As shown in Fig. 1 , for the test structure studied here, ∼70% of the cell area was covered by the first metal layer and the centerline spacing between neighboring p-n-p-n pairs is ∼1.2 μm. The spacing between metal lines is smaller than the laser spot size. This will result in most of the laser energy being reflected back toward the substrate during the backside-TPA pulsed-laser testing used in this paper at all locations. The increased metal coverage accounts for the sensitivity differences between the results reported here and those reported in [8] . However, the high metal coverage ratio does not affect the relative sensitivity of different locations, because the reflection influences nearly all areas in the same way.
Results in Fig. 11(b) indicate that the area near the n+ and p+ source regions, e.g., {X = 2.4 μm, Y = 8.1 μm}, has a higherĒ value than the surrounding areas, which means that it is most difficult to trigger latchup in the regions near the sources. The positions between neighboring n-p-n-p regions, e.g., {2.4 μm, 6 μm}, have a low-mean threshold value, which means that latchup at these positions can be easily triggered. This conclusion is consistent with the SPA results in [8] . In addition, as with the SPA results in [8] , this occurs because two neighboring p-n-p-n regions are shorted together through the metal lines, so they act as a single p-n-p-n region of twice the width. A lower current is required to trigger latchup in a wider p-n-p-n region [8] , [15] .
For the same scan area, Fig. 11 Fig. 11(a) . This indicates that the area with a higher k value (small uncertainty region) in Fig. 11(c) is the n+ and p+ regions. A likely explanation is that physical parameters, e.g., carrier density and potential, near the source contact are well controlled by the fixed potential of the contact, so relatively little variability is observed. For locations far from the contacts, the potential is less well controlled and the variability is greater.
Positions A and B from Fig. 11 are used to obtain the data used to generate Fig. 12(a) and (b) . For comparison, Fig. 12(a) has an average threshold of 9.5 nJ and a shape parameter of 18.8, whereas Fig. 12(b) has an average threshold of 10.6 nJ and a shape parameter of 179. A wider latchup onset region corresponds to a smaller shape parameter k. Positions with similar average threshold values can have very different shape parameters. Consequently, the occurrence of the onset region depends on the device layout and is not an artifact of laser calibration or measurement error.
To analyze the correlation between the average threshold,Ē, and shape parameter, k, Fig. 13 is obtained from the data in Fig. 11(b) and (c). The high k values (corresponding to narrow onset regions) enclosed by the blue dashed line in Fig. 13(a) come from the peaks in Fig. 11(c) . The low k values (corresponding to wide onset regions) enclosed by the red dashed line are shown in expanded form in Fig. 13(b) . The results show that there is no obvious correlation between the average threshold,Ē, and the shape parameter, k. Therefore, positions with a high threshold do not necessarily have wide onset regions.
D. Pulsed-Laser TPA-Induced SEL in an Array of Cells
To characterize latchup in an array of 22 cells, an x-y area of 12 μm × 60 μm was scanned. The scan steps in the x-and y-directions were set to 1 and 0.8 μm to save testing time compared with the cell scan. The array length is 55 μm, so the scan length of 60 μm completely covers one array from start to end. Based on the layout, the two ends with high average threshold value,Ē, in the y-direction correspond to the well contact. Based on the lowĒ value, the region far from the well contacts is the most sensitive; this is because the contacts cannot control the potential as effectively as they do for events near contacts [8] . The area shown in Fig. 11 is a subset of the region represented in Fig. 14 . Hence, the threshold range in Fig. 12 (11.5-16.5 nJ) is narrower than the threshold range in Fig. 14 (7.4-30.9 nJ) . 
E. Pulsed-Laser TPA-Induced Sensitive Area
We are now in a position to estimate the latchup cross section as a function of laser energy. The cross section is calculated by summing the scanning resolution area multiplied by the latchup probability
where X ss and Y ss are the scan steps in the x-and y-directions, respectively, 1 and 0.8 μm in this case. The latchup probability P is obtained from the total number of observed latchup events divided by the total number of pulses. In contrast to (3), in [9] , the laser cross section is calculated using
where the laser-scanned area, S, is divided into M × N pixels, and N E is the number of pixels where events are observed for pulse energy E TH . This method does not take the onset region into consideration. Cross-sectional calculations based on (3) and (4) are shown in Fig. 15 . The black squares are based on (4). At each laser energy, the points obtained from (4) (the black square symbols) are based on E TH =Ē, corresponding to the 50% latchup probability energy from the Weibull distribution fit. The minimum and maximum points on the error bars associated with (4) data are obtained using E L and E NL , corresponding to the values defined in Fig. 9 , as E TH value. The red dots denote estimates that take into account the full probability distribution in the onset region as determined using (3). For laser high energies, all methods converge to similar values, corresponding to the geometric cross section. Fig. 15 . TPA cross section of two arrays corresponding to Fig. 11 . At each laser energy, the cross section is calculated based on a small range of energies (0.15 nJ) surrounding that point, using (3) and (4). The red dashed line is the whole scan area, 7.2 10 −6 cm 2 . The visible minimum and maximum error bars are obtained from the values of E L and E NL . Statistical error bars for the onset region data are equal to the cross section over the square root of the number of observed events and are less than the plotted dot sizes in this figure.
At lower energies, estimates using E L and E NL provide lower and upper bounds on the cross section, and estimates using the method of (3) orĒ provide intermediate values. The method of (3) provides a more realistic description of the laser data through the onset region, which in Fig. 15 extends from ∼6 to ∼8 nJ.
IV. CONCLUSION
TPA pulsed-laser testing was used to analyze the onset region for laser-induced SEL and provide insight into the SEL cross section. The latchup data versus laser energy data are fitted to a Weibull distribution, in which two key parameters, the mean threshold and shape parameter, are used to analyze latchup as a function of location. The p+ and n+ regions have higher latchup threshold than the surrounding areas. The width of the onset region varies with the location of the laser strike. The p+ and n+ areas have narrow onset regions, but otherwise, there is not much correlation between location and the width of the onset region. For each pixel, the effective cross section is calculated by multiplying the pixel area by the latchup probability. This pulsed-laser TPA-induced SEL test method and analysis helps to provide understanding of the variation of SEL sensitivity with area and to provide an improved estimate of latchup cross section through the onset region.
